We have investigated the molecular evolution of the nucleotide sequences of 18s ribosomal RNA genes ( 18s rDNA) from a set of nematodes in the family Rhabditidae (Nematoda: Secernentea).
Introduction

Concentrating
resources in the study of a handful of model organisms allows the accumulation of a great deal of detailed data about fundamental biological mechanisms.
But the range of organisms needs to be determined over which conclusions from the model may apply. The importance of a phylogenetic context for inferring generalities from model systems was impressively demonstrated in a recent volume of Systematic Biology (vol. 42, no. 4) devoted in great part to this issue. Although several important genetic models were included (e.g., maize, house mice, Drosophila), Caenorhabditis elegans was conspicuously absent from this survey. A member of the family Rhabditidae in the nematode order Rhabditida, C. elegans has gained considerable recognition as a genetic and developmental model and is likely to become an important model in the study of the evolution of developmental mechanisms (Sulston et al. 1993; Sommer and Sternberg 1994; Fitch and En mons, unpublished) . A phylogeny for species related t
Caenorhabditis, determined independently of mol phology, is prerequisite to such studies.
Among the metazoa, phylum Nemata (a.k.2 Nematoda) may be second only to Arthropoda in num ber of species ( Andrassy 1976, p. 9; Hall 1992, pp. 15 24) and probably ranks first in sheer abundance (Chil wood and Chitwood 1974, p. 12; Andrassy, 1976, p. 5 Maggenti 198 1, p. 1) . Family Rhabditidae, which in eludes mostly free-living soil saprobes, is one of the mo: speciose in this phylum (Andrassy 1983, p. 11, 4 lff.) and many (if not most) species have yet to be describe1 (Andrassy 1976, p. 18; Sudhaus 199 1) . Partly becaus of this undescribed diversity, and partly because mar phological characters tend to be few or homoplasiou (Sudhaus 1976; Maggenti 198 1, pp. 305-306) , the phy logenetic systematics of this group is still quite confuse1 more than a century after &ley ( 1880) proposed famil Rhabditidae.
Modern systems for Rhabditidae are based pr marily on the phylogenetic system of Osche ( 1952) , i which stomata1 (mouth cavity) structures play a signi icant diagnostic role. The nomenclature of this syster was refined by Dougherty ( 1955 ) , who also revised som 18s rDNA Phylogeny for Rhabditidae 347 of the groupings and raised several of Osche's subgenera to generic status. By far the greatest contribution to the phylogenetic systematics of the Rhabditidae since the work of Osche was that of Sudhaus ( 1976) , who incorporated descriptions (often firsthand) of morphology, ecology, and behavior.
Following the precedence of Dougherty ( 1955 ) , Andrassy ( 1983 ) raised the subgenera defined by Osche (1952) and Sudhaus (1976) to genera, split several groups into new genera, and devised an identification key based on the classification scheme. The classification schemes of Andrassy ( 1983; partially represented by Tree V in fig. 1 ) and Sudhaus ( 1976, and modified in several succeeding papers; partially portrayed by Tree IV in fig. 1 ) currently dominate rhabditid literature yet differ greatly both in nomenclature and in taxonomic groupings. Both classifications are based on phylogenetic scenarios as assessed primarily, if not exclusively, using adult morphological
characters.
Andrassy uses a gradistic approach ( 1976, pp. 27-88) to identify relationships and, for example ( 1983, pp. 41, 85-112) , groups Pelodera species with Pellioditis and Caenorhabditis species into subfamily Peloderinae primarily, though not exclusively, on the basis of the shape of the very tip of the male tail (i.e., whether it is pointy
[ leptoderan ] or blunt [ peloderan, from which the subfamily name is derived]).
Additionally, Andrassy
places Teratorhabditis species in a subfamily, Mesorhabditinae, separate from the others. Sudhaus, on the other hand, uses a cladistic approach ( 1976, pp. 2-5) and, for example, places Pellioditis species into a clade called " Eurhabditis. " " Eurhabditis" includes some leptoderan species (e.g., Rhabditis and Rhabditella) and some peloderan species (e.g., Pellioditis) but excludes Pelodera, which is placed in a monophyletic group with Teratorhabditis (Sudhaus 1976, pp. 3 l-5 1) . Sudhaus ( 1976, pp. 70-72) asserts that the male tail tip character is homoplasious.
Because of this uncertainty, and because we and others are interested in understanding, among other things, the elementary genetic and cellular basis for the evolution of morphology (Emmons 1992; Sommer and Sternberg 1994; Fitch and Emmons, submitted) , it is important to develop a molecular phylogeny of this group that is independent of morphology. Previous molecular studies have focused almost exclusively on two or three species within the genus Caenorhabditis. Using random clones as probes for restriction fragment length polymorphisms, researchers (Emmons et al. 1979) observed about 15% polymorphism between two strains of C. elegans ( N2 [ Bristol] and BO [ Bergerac ] ) and surprisingly little molecular similarity between C. elegans and C. briggsae. In another study ( Butler et al. 198 1 ), no differences in 5s rRNA were found between these briggsae, Cbr; C. vulgaris, Cvu; C. elegans, cd; C. remanei, cre; Rhabditis sp. br, Rbr; R. blumi, Rbl; R. axei, Rax; Pellioditis typica, Pty; Teratorhabditis palmarum, Tpa; Pelodera strongyloides dermatitica, Pst . Numbers l-7 designate internal branches, some of which represent hierarchies in a phylogenetic classification scheme: branch 6
in Trees III and IV corresponds to species group "Eurhabditis" (Sudhaus 1976 ); branches 5 and 7 in Tree V correspond, respectively, to subfamilies Peloderinae and Rhabditinae (Andrassy 1983); Teratorhabditis is in subfamily Mesorhabditinae (Andrassy 1983).
species, but 22 of 24 enzymes showed electrophoretic differences. Thomas and Wilson ( 199 1) found that both mitochondrial cytochrome oxidase II and the nuclear calmodulin gene sequences showed low or no intraspecific but very high interspecific divergence. Although Nadler ( 1992) did not include any Rhabditida other than C. elegans (as an outgroup) in his phylogenetic analysis of small segments of 18s and 28s rRNA sequences from eight parasitic Ascaridida, he concluded that rRNA "should prove to be of great utility in providing characters for phylogenetic analysis of this diverse group" (p. 942) of nematodes.
Because of its "interspersion of relatively rapidly evolving sequences with highly con- 348 Fitch et al. served ones" (Hillis et al. 1990, p. 334) , we used the nuclear small subunit ribosomal RNA genes ( 18s rDNA) to provide phylogenetic information for a fairly broad range of species in family Rhabditidae and evaluated its usefulness for reconstructing the evolutionary relationships of species within this group.
Material and Methods
Worm Cultures
Caenorhabditis elegans ( (Baird et al. 1994) . Cultures were maintained on Escherichia coli OP50 on NGM plates and cryogenically preserved as described (Sulston and Hodgkin 1988) . The DF and EM strains have been made available through the CGC. DNA Extraction, Amplification, and Sequencing From 1 ml of pelleted worms washed in PBS buffer (to which 30 pl2-mercaptoethanol was added to disrupt the cuticle), genomic DNA was extracted using an ABI 340A extractor. 18s rDNA was amplified by the polymerase chain reaction (PCR) in 100 ~1 reactions containing 67 mM Tris-HCI pH 8.8, 6.7 mM MgS04, 16.6 mM ( NH4)*S04, 10 mM 2-mercaptoethanol, 200 FM each dNTP, 1 PM each primer, 20 pg/pl genomic DNA and 0.0 1 unit /PI Taq DNA polymerase. Amplification primers were designed as in Medlin et al. ( 1988) but incorporated the C. elegans sequence (Ellis et al. 1986 ):
5 'gggcggccgctacctgattgattctgtcag-3 ' and 5 '-ggggatccaagcttcgatgatccagctgcaggttcac-3 '. Amplification conditions: 1 cycle-95°C (5 min); 25 cycles-95°C
( 1 min), 50°C ( 1 min), 72°C (2.5 min); 1 cycle-72°C ( 10 min). Successful amplifications generated a single 1.7-kb product. Sequences were determined from both strands, from multiple, independently amplified templates, and were obtained by the cycle-sequencing protocol suggested by Bethesda Research Labs for their dsDNA cycle sequencing kit. Most sequencing primers were made as ir Elwood et al. ( 1985) ) substituting the C. elegans se, quence, and 5 '-end-labeled using ( y-32P) -ATP frorr Amersham.
For divergent taxa, a few species-specific primers were required to sequence variable regions. [Felsenstein 1993]) , and maximum likelihood model fitting (ML, implemented in DNAMI in the PHYLIP package). Some trees were comparec using the ME method we implemented in a program MINEVOLV (available by sending a DOS-formatter disk to D.F.). In the parsimony analyses, when alignmen gaps (indels) were included, they were counted as a singl substitution, regardless of length. On the other hand gaps were ignored in distance calculations because the: are ignored by the models applied (Swofford and Olsen 1990) . Distance values were determined by deleting po sitions with gaps from pairwise comparisons only, no from the entire data set, since each sequence in the dat sets analyzed covered homologous regions. The Kimur, ( 1980) two-parameter method was used to estimate dis tances since all four bases are represented nearly equal1 in each sequence (26.0 + 0.5% A, 20.8 f 0.7% C, 26. + 0.4% G, 26.9 f 0.8% T) , and there is a notable tran sition bias in the data set, discussed later (Nei 199 1). of a somewhat larger generic group, according to both the key for the genus Rhabditis sensu Andrassy ( 1983) and the descriptions of the Rhabditis subgenus sensu Sudhaus ( 1976) . The remaining species individually represent various genera within the family. They are morphologically diverse, and the phylogenetic classifications of Andrassy ( 1983) and Sudhaus ( 1976) do not agree.
Alignments
Results and
The genome of C. clegans contains approximately 55 very similar copies of a repeating 7.0-kbp unit arranged in one or a small number of tandem arrays at a single chromosomal locus ( Files and Hirsh 198 1). Each repeating unit contains one gene each for 18S, 28S, and 5.8s rRNA, and some 1 .O kbp of nontranscribed spacer DNA. These repeating units are highly uniform in length and sequence within and between independently isolated wild strains, based on analysis with several restriction enzymes (Files and Hirsh 198 1) and the 100% identity between sequences from homologous, cloned 300-bp 18s rDNA segments (data not shown ).
As the number, arrangement, and degree of uniformity of the genes in the remaining species is unknown, we used a PCR-based sequencing protocol that samples the sequences of many 18s rRNA genes. The entire 18s rRNA gene sequence was amplified with primers that annealed to conserved sequences at the ends, and the DNA sequence determined by cycle sequencing without cloning. For each of the 12 bases where reads were ambiguous, we assigned "N"; we do not know if such positions are polymorphic or if the ambiguity results merely from a technical difficulty. Furthermore, the sequences of homologous 300-bp segments from clones of singlerepeat units from C. briggxw and C. vzrlguris were identical to the sequence obtained from uncloned PCR products of those species (data not shown). Taken together, the PCR and cloning results suggest that for all of the species, as for C. elegans, if multiple copies of the 18s rRNA genes are present, they have a single predominating sequence. Changes accumulating during the evolution of a repeat unit are thus either eliminated or incorporated into all of the repeats in an evolutionarily rapid process. Because all of these repeats share essentially all evolutionary changes, phylogenetic analysis using 18s rDNA will not be affected by an inability to distinguish positional orthologues ( Hillis 1994, p. 347 ) .
To determine the effects of alternative hypotheses of nucleotide homologies on phylogenetic inference from the 10 rhabditid 18s rDNA sequences, different alignments were used in our analyses (table 1). Alignment 1 was obtained with Clustal V (Higgins et al. 1992 ) and represents a hypothesis for nucleotide homologies based a Alignments I, 2. and 3 include sequences from the IO rhabditid taxa: alignment 4 1s identical to alignment 3 but includes the eight partial ascaridoid sequences (Nadlcr 1992). Characters included are "all" nucleotides. or only sites in "stem" or "loop" secondary structures. In constructing alignments based on secondary structure, a form of the levels-of-homology problem surfaced (Hall 1992, p. 184) : that IS. homologous porttons of a l,econdary structure might not be formed from nucleotides that are homologous based on nucleotidc similarity. Secondary structures were thus used to detinc homologous segments, within which homologies were based on nucleotide similarity.
' In all casts except for loop positions in alignment 3. the MP tree was Tree I (hg. I). Indel characters were included but counred the same as a single substitution, regard&s of length. Alignment 3 had a louer parsimony score than alignments I or 2 because of an increased number of plesiomorphic nucleotides and because many of the divergent stretches were incorporated into alignment gaps (which additionally resulted in an increased number of alignment positions).
eliminate uncertainties in some of the positions of gaps that could result in ambiguously homologous bases being inferred as synapomorphies or homoplasies. Alignment 3 was obtained by hand by first aligning regions hypothetically encoding homologous secondary structures, then refining this alignment based on nucleotide similarity. Alignment 4 (table 1) was identical to alignrnent 3, except for the inclusion of the partial ( 190-nt) sequences obtained by Nadler ( 1992) from eight parasitic species in superfamily Ascaridoidea (order Ascaridida, which, with orders Strongylida and Rhabditida, form subclass Rhabditia; Maggenti 198 1 ).
Best Trees under Different Assumptions
Empirical data have supported the notion that the degree of agreement between different methods of phylogenetic estimation is a good indicator of the reliability of the phylogenetic estimates (Kim 1993) . In keeping with this philosophy, we have used several different methods (NJ, ME, MP, and ML) to infer the 18s rRNA gene phylogeny for the rhabditid species sampled in this study. As detailed below, the distance (NJ and ME) and parsimony (MP) methods give similar topologies when all sites are included (e.g., they support paraphyly of " Eurhabditis" such that Rhabditir and Rhabditella are monophyletic with Cacnorhubditis but not with Pelexclusively on nucleotide pattern similarity. This align-lioditis), but these topologies differ from the maximumment was modified by hand (alignment 2, table 1) to likelihood ( ML) topology (which supports " Ewhab- ' Minimum evolution (ME) trees were searched for and evaluated using METREE (Rzhetsky and Nei 1992) under the two-parameter model of Kimura (198 b Neighbor-joining (NJ) trees were obtained using MEGA (Kumar et al. 1993 ) under the two-parameter model of Kimura (1980 ditis" monophyly ) . However, when variable regions are excluded, and/ or when transversions are weighted, parsimony produces topologies similar to that produced by maximum likelihood. Despite some marked differences between alignments, ME produced the same minimum tree (Tree I in fig. 1 ) for alignments l-3 (table 2 ) . To construct the distance matrix for this analysis, the two-parameter model of Kimura ( 1980) was used to allow for rate differences between transitional and transversional substitutions.
Lengths were significantly greater than zero (295% confidence) for all branches except those supporting a C. briggsae/C. vufgaris relationship and a R. sp. br/Rh. axei relationship (table 2) . The NJ method Table 3 Neighbor-Joining Trees using Gamma Distancesa usually produces the ME tree (Rzhetsky and Nei 199 as was the case with the present data ( An assumption made by these methods is that su stitution rate does not vary at different sites. This E sumption is certainly violated by the 18s genes; indee it was this very property that attracted us to 18s rDK for obtaining phylogenetic information over a bra; range of divergences. Table 3 shows the results of r analysis under a model that assumes that rates vary wi site according to a gamma distribution (NJG metho Jin and Nei 1990; Kumar et al. 1993 IIA  42  92  100  65  93  85  1  Conserved  IB  70  55  100  98  84  85  All  IIA  44  91  100  73  88  81  Conserved  IB  70  54  100  96  82  81  All  II  51  86  100  78  53  72  1  Conserved  IB  62  52  100  89  75  76 ' The other alignments were also analyzed, but only alignment 3 results are shown. NJG trees were obtained with MEGA (Kumar et al. 1993 ) using gam distances under the Kimura ( 1980) two-parameter model: the Tamura and Nei ( 1993) model produced identical topologies.
b Parameter u = I .85 was estimated by parsimony reconstruction of substitutions in the portion of the MP tree (obtained for alignment 3) leading to the ei most closely related taxa (i.e., Chr, Cvu, Cd, Crc Rhr. Rhl, Rux, and Ply) : the mean and variance of the estimated number of nucleotide substitutions per site these taxa are m = 0.4496 and 2 = 0.5588, respectively . Lower values of a (I .OO and 0.50) were also used to determine how the topolof vary when higher variation of nucleotide substitution among sites is assumed.
' Either all characters in the alignment were used, or only four highly conserved domains were used (equivalent to positions 301-410, 483-600, 733-10 1075-1697 in alignment 4). The highly conserved character set contained very few indels and almost no alignment ambiguities, and it comprised 1, I35 charac for alignments I and 2 and I, I36 characters for alignment 3.
d See fig. 3 for tree topologies. ' Percentage of 2,000 bootstrap replications supporting internal branches l-7 of trees shown in fig. I . 18s rDNA Phylogeny for Rhabditidae 35 1 the gamma distribution was estimated from the data as suggested by Tamura and Nei ( 1993) and detailed in the notes to table 3. From this data, a = 1.85, which is comparable to many genes showing a moderate amount of rate variation (Tateno et al. 1994) . We also used the NJG method with lower values of a such as 1.00 and 0.50 to determine if assumptions of greater rate variation would have an impact on the topologies inferred; there were no major differences when lower values of a were used (table 3) . When all sites were considered, Tree II ( fig. 1) fig. 1 ), but this support decreases with lower values for a (table 3) .
Similar to the ME estimates, maximum parsimony chose the same tree (Tree I, fig. 1 ) as the single MP tree, during exhaustive searches, regardless of the differences between alignments l-3 (table 4, lines l-3). This result was due to the conservation of the great majority of "phylogenetically informative" sites between the alignments (table 1) . Parsimony bootstrap resampling supported (395% of the time) the same three .branches that were supported by NJ bootstrap resampling.
Although the critical values for the skewness index, g, , of the distribution of tree lengths for all possible topologies (Hillis and Huelsenbeck 1992) in our analyses indicate the presence of significant phylogenetic signal (table 4)) this signal is probably restricted to particular lineages, namely those supported by the bootstrap resampling.
The branch containing the root was determined using ascaridoid 18s sequences as an outgroup. In contrast to distance methods, parsimony
does not require that all of the aligned sequences be represented over the entire region analyzed. Because the ascaridoid taxa are represented by partial sequences ( Nadler 1992)) only parsimony could be used with these taxa to determine the root branch for the rhabditid tree ( To determine how nonindependence at stem positions might impact our analyses, we down-weighted stem positions by either 20%, as suggested by Dixon and Hillis ( 1993) , or 50%, as suggested by Wheeler and Honeycutt ( 1988) . The same MP tree (Tree I, fig. 1 ) was obtained regardless of the weighting scheme used (table 4, lines 3-5 ). When stem positions (table 4, line 6) or loop positions (table 4, line 7) were analyzed separately, only the stem positions produced a single MP tree, the topology of which was identical to that of the MP tree obtained using all sites (Tree I, fig. 1 ). The two MP trees obtained for the loop positions did, however, support some of the clades seen in the other trees (e.g., the Caenorhabditis and Teratorhabditis/Pelodera clades) . Because the number of loop positions and parsimony-informative positions in the loops were only one-third those in stems (table 1)) there are probably not enough characters in the 18s loop regions to provide a representative character sample when considered alone, as suggested by Dixon and Hillis ( 1993) and Smith ( 1989) .
When indels are removed from the analysis, the same MP tree is obtained as when they were included (table 4, line 8). The only difference seems to be in degree of bootstrap support for the Rhabditis/Rhabditella clade (branch 5), which drops below the 95% level (table 4, line 8 ) . Interestingly, when indels are considered alone (table 4, line 9), it becomes clear that these changes are major contributors to the support not only for this clade but also for the branch (branch 6, Tree II, fig. 1 Thomas and Wilson 199 1) and that transitional saturation may obscure the phylogenetic information retained by transversions in a data set with fairly divergent taxa ( Holmquist 1983 ) . To determine if transitions were saturated in our data set, the number of unambiguously reconstructed transitions and transversions were counted, as in Gojobori et al. ( 1982) , and averaged over Trees I-IV. The average ratio, robs, of observed transitions to transversions is 1.08 f 0.03. This is certainly greater than the ratio, rm, that we would expect to observe at equilibrium, 0.50 (calculated as the not ' Parsimony analyses were performed using PAUP (Swofford 1993 ) with different sets of characters and weights as noted.
b Alignments described in table I. Sites included in the analysis were all alignment positions. only positions involved in stem structures, or involved in stem structures. As noted in particular cases, stems and loops were included but weighted differently. In other cases, indels were or transversions were weighted twice as much as transitions.
c Skewness of the distribution of tree lengths for the set only positions (loo included or exclud of all possible unrooted trees (for the IO rhabditid taxa). All values were significant at a level grea than the 99% confidence limit (Hillis and Huelsenbeck 1992) d Topology of the maximum-parsimony (MP) tree(s) when the IO rhabditid taxa were considered. MP trees were found in an exhaustive search. Except wh noted, these topologies are depicted in fig. I. e Percentage of 100 bootstrap replications supporting particular branch (see fig. I for the branch designations for a particular tree). In the cases with ml than one MP tree, the bootstrap figures are only provided for branches of thejirst MP tree listed.
'The roots for the lo-taxon trees were determined using the partial ascarid sequences, A.szf and Htzr (Nadler 1992) , as an outgroup in a branch-and-bou search. Usually, the root was found to occur in the branch (7; see fig. I ) separating Tpu and PSI from the other rhabditid taxa. In these cases, a majority of I bootstrap replications (not shown) supported these root placements. In other cases, the root occurred in a terminal branch leading to one taxon, such as Rhl; th "terminal" root placements were rarely supported in a majority of the bootstrap samplings (not shown). In some cases, multiple MP trees were found for the taxa; in these cases, the placement of the root could not be resolved (NR). Using all eight ascarid taxa as an outgroup for heuristic searches gave nearly identi results, except that many MP topologies were generally recovered because of a failure to resolve the ascarid relationships (cf. Nadler 1992).
g All positions were included (i.e., both stem and loop positions, which were weighted equally). h For the I2 taxa (the IO rhabditids, Aszr, and Hlu), two MP trees were found that differed only in the placement of the root either in the internal branch see fig. 1 ) leading to Tpu and P.s/ or in the terminal branch leading to Rhl.
' Stem positions were weighted 0.8 times as much as loop positions, as suggested by Dixon and Hillis ( 1993) . j Stem positions were weighted 0.5 times as much as loop positions, as suggested by Wheeler and Honeycutt (1988) . fig. I ), but the Rhuhditis taxa (Rbr and Rbl) and Rux do not form a monophyletic clade and are paraphylc " Not resolved. Four MP trees (12 taxa) differed in root placement-in the branches to Pty or Rux. or in branch 7 (see fig. I ). ' All positions were included, but indels were not counted toward changes. p All positions were included, but on/v indels were counted as changes. q Four MP trees were obtained that all had topologies similar to Tree Il. Topologies II and IID are shown in fig. I ; the other two (denoted by 11x) are not sha but differed only in the (unresolved) relationships of the Cuowhubdifis taxa. r Not resolved. For the I2 taxa, 62 MP trees differed in the placement of Aszc and HOI and in the Curnorhubditis relationships. ' All positions were included, but transversions were weighted twice as much as transitions.
' Only highly conserved positions were included (equivalent to positions 301-410, 483-600, 733-1026, 1075-1697 in alignment 4) . This data set contail very few indels and almost no alignment ambiguities. " Only the above highly conserved positions were included, but transversions were weighted twice as much as transitions.
inverse of R, in Holmquist ( 1983) . Thus, transitions Because of this substantial transition bias in t are not saturated in this data set under the assumption data set, and because more transitions than transversio of homogeneous rates at all sites. Although this asare therefore likely to be homoplasious, we weight1 sumption is violated in the 18s genes, the estimated patransversions to be twice as informative as transitior rameter, a, for the gamma distribution of varying subTwo MP trees resulted (table 4, line lo), one with t stitution rates is 1.85 (see notes to table 3). Because a same topology as that obtained under equal weighti > 1, the effects of rate variation on the estimation of (Tree I, fig. 1 ), and the other having a topology simil transition bias "seem small enough to be ignored" to that predicted by Sudhaus ( 1976) for this group (Tr (Wakely 1994, p. 438) .
IV, fig. 1 . . .
Yes
'The topologies compared are a subset of those shown in fig. I . These topologies were chosen based on a search for trees with an ordinary least-squares tree length (S) not significantly greater than the ME tree (Tree I in these cases), as described below. Although analyses were performed with all alignments, only the results using alignment 3 are shown. due to space constraints. b Alternative topologies were found and assessed by the minimum-evolution method (Rzhetsky and Nei 1992) , assuming the Kimura (1980) two-parameter model of nucleotide evolution: all trees with topological distance 2 or 4 from the ME tree were evaluated ( I39 trees), other trees were found using 10,000 bootstrap replications under a scaling factor of 0.1. and trees were kept only if S was not significantly greater than the ME tree (Tree 1 in every case). In all, 1,213 different topologies were tested for alignment I (40 trees kept), I ,2 I8 for alignment 2 (3 1 trees kept), and I, I39 for alignment 3 (32 trees kept). A set of 24 trees ( fig. I , Trees I-IV. variations A-E) was shared among these three searches (the other kept trees not depicted in fig. I only involved additional variations in the relationships of the C' ucnorhuhditis taxa). Tree V was never kept under these conditions, and its S was evaluated separately. ' Alternative topologies were evaluated using parsimony (length. Cl, and rank were calculated using PAUP [Swofford 19931 d Maximum likelihoods of the alternative topologies were determined using DNAML (Felsenstein 1993) . 'See fig. I for topologies. 'The ordinary least-squares length of the tree assigned by the ME method (Rzhetsky and Nei 1992) . g Standard deviation of the difference between S of the evaluated tree and S of the ME tree. h Percentage confidence that S of the evaluated tree is greater than S of the ME tree.
i A confidence level of 95% or greater is considered significant. J Total number of "steps" (substitutions and indels) inferred by parsimony. lndels were counted as one substitution, regardless of length. k Standard deviation of the difference between parsimony lengths (calculated as in Templeton 1983 as modified by Felsenstein [ 1993) in DNAPARS) of the evaluated tree and the MP tree.
' The evaluated tree is considered significantly different from the MP tree if its length is greater by more than I .96 SDS. m Consistency index (as calculated by PAUP), excluding uninformative sites.
" Number of trees in the set of all unrooted trees with lengths less than or equal to the MP tree. Tree I is the single most parsimonious tree in all cases except when loop characters only are evaluated for alignment 3 (see table 4 ). In this case, there were 7 trees with the same length as Tree I, two MP trees of length 464, and IO other trees with intermediate lengths.
o Log likelihood of the topology, as calculated by DNAML (Felsenstein 1993 r This topology was identical to that of the ML tree after examining 2,593 trees using global branch swapping and jumbling the sequence input order 10 times.
"The standard deviation of the difference between S of Trees V and I ( fig. I ) was obtained with MINEVOLV. This program uses the ME method of Rzhetsky and Nei (1992) to statistically compare user-input trees that may not have been saved during the search for the ME tree by the METREE program.
' Confidence values for the significance of these comparisons for the Z test [Z=D/s(D)] f rom table F of Daniel ( 1978, p. 466 ).
(branch 6 of Tree I, fig. I We therefore used this method to search for the ML tree only for alignment 3 using an initial transition / transversion estimate of 2.0 and base frequencies estimated from the data (table 5 ). An exact search could not be performed, and global branch swap-ping was combined with varying the sequence input order 10 times to evaluate 2,593 different topologies. The ML tree produced from this search had the same topology as Tree IV ( fig. 1 ). In this tree, both Rhabditis (R. sp. br and R. blumi) and " Eurhabditis" are monophyletic, as suggested by Sudhaus ( 1976) .
Statistical Comparisons of Alternative Topologies
With the exception of the NJ method, the phylogenetic methods used in this study provide a means for statistically evaluating alternative phylogenetic hypotheses. As detailed below, we applied these statistical tests and found that a small set of topologies, which included that representing the phylogeny suggested by Sudhaus ( 1976; Tree IV, fig. 1 ), was significantly supported over all other topologies evaluated. Although a single topology was not significantly supported over all other topologies, the phylogenetic classification of Andrassy ( 1983; Tree V, fig. 1 ) could be rejected in all cases. Strong support is suggested by clades present in all the trees within the set (e.g., Caenorhabditis, Rhabditis/Rhabditella, Teratorhabditis/Pelodera).
Ambiguity is indicated by the alternative topological arrangements (e.g., " Eurhabditis" may be either monophyletic or paraphyletic with regard to Pellioditis, and relationships within Caenorhabditis are left unresolved).
A small set of unrejected topologies was found using the ME method. For the number of taxa in the data set, we could not evaluate all possible topologies; however, all topologies with topological distances from the ME tree of dT = 2 or dT = 4 (Rzhetsky and Nei 1992) were evaluated.
With simulated data, Rzhetsky and Nei ( 1992) showed that, even when substitution rates were as high as or higher than those in our data set and varied greatly with lineage, the probability that the correct tree was included among trees with dT d 4 was virtually 100% when the number of sites was 2900, about half the number of sites in our data set. Nevertheless, additional topologies were generated using an option of METREE that employs the bootstrap to sample a fraction (in this case a tenth) of the characters (see notes to table 5); the smaller this fraction, the larger the number of distinct topologies are likely to be tested: Because 10,000 replications were used (for each of the three alignments), and because the fraction of characters resampled was small, it is likely that the great majority, if not all, of the trees with S not significantly different from the ME tree were found. This set of alternative topologies (found for each of the three alignments) is largely represented by Trees I-IV, with variations of Caenorhabditis groupings
A-E, depicted in figure 1. The other trees not rejected as significantly different from the ME tree differed from the depicted trees only in the arrangement of the taxa within the Caenorhabditis clade.
The ME analysis of this data set does not provid any significant resolution of the relationships of th Again, the lack of resolution for these particular group: is consistent with the bootstrap analyses (tables 2-4). Because a tree consistent with the phylogeneti classification of Andrassy ( 1983) was not observed i the set of alternative trees that was kept by METREE we were curious to see if such a tree (Tree V, fig. 1 would be rejected by the S-value test. It was. Using Ml NEVOLV, we found that, regardless of the alignmer used, S of Tree V was significantly greater (~99% car fidence) than that of either Tree I (table 5) or any c the other trees in figure 1 (data not shown) . Seven other trees for alignment 3, such as trees that place
Pellioditis and/ or Pelodera in a monophyletic grou with Caenorhabditis, were also rejected (298% conf dence ) .
Because it had been shown empirically that the M method is more conservative than several other statistic: tests (Tateno et al. 1994) , we reasoned that the large! set of alternative trees might be produced by this methoc A representative subset of the alternative topologie shown in figure 1 was therefore used in statistical conparisons by the other two methods-parsimony an maximum likelihood-to determine which, if any, c these trees would be rejected by the other tests ( ings, depending on the alignment, but like ME, fails t reject either a paraphyletic or monophyletic hypothesj for both Rhabditis and " Eurhabditis" (table 5 ) . How ever, the test strongly rejects Tree V (table 5 ) . As PAU allowed the set of all possible topologies to be evaluate1 within a reasonable time frame, we determined the ran of the statistically tested trees in the hierarchy of all po: sible trees with lowest to highest parsimony scores. Th worst rank represented in the set of plausible alternativ topologies was 37th (0.002 percentile). Because the pai simony test was not used to compare trees with wors ranks, we do not know if trees other than those in figur 18s rDNA Phylogeny for Rhabditidae 355 1 might not have been rejected (although a lower bound is provided by Tree V). However, it is interesting that this test rejects some trees with very high rank; for example, Tree ID is rejected even though it has the third lowest parsimony score (table 5) . In this respect, the ME S-value test is more conservative than the pairwise parsimony test.
The ML test also rejects some trees not rejected by ME. The log-likelihood ratio test of Kishino and Hasegawa ( 1989) as implemented in DNAML (Felsenstein 1993 ) was used to compare the mean and variance of the log-likelihood differences between the trees in the set of alternatives.
Again, because this test was not used to compare a larger set of trees, we do not know if other trees not tested might not have been rejected by this test. Nevertheless, for alignments 1 and 2 (data not shown ), the ML test rejects several topologies (e.g., Tree I) not rejected by the ME test. In this sense, the ME test is more conservative than the ML test, as previously observed (Tateno et al. 1994) . Since the set of rejected trees varies for the different alignments, it is also clear that the ML test is quite sensitive to differences in alignment. Because the ME method seems to provide the most conservative test (i.e., it is probably the least likely to reject a topology when, in fact, it should not be rejected as a possible candidate for being the true topology), we are inclined to consider the entire set of topologies found in the ME analysis ( fig. 1) as possible candidates for being the true tree.
Conclusions and Speculations
The statistical comparisons demonstrate that 1% rDNA sequences from even the relatively few taxa sampled in this work can be used very effectively to test currently competing phylogenetic hypotheses for the Rhabditidae.
That the classification scheme of Andrassy ( 1983; portrayed by Tree V in fig. 1 ) is representative of phylogeny is strongly rejected in every case, whereas the phylogeny of Sudhaus ( 1976;  depicted by Tree IV in fig. 1 ) is one of a few alternatives that are supported.
This set of alternative trees also indicates which relationships are well supported and which are left unresolved by the present data. Four clades are supported in every case: a Caenorhabditis clade, a clade including both Rhabditis and Rhabditella, a clade including these two clades plus Pellioditis, and a Teratorhabditis/Pelodera clade. Using ascaridoids ( Nadler 1992 ) as an outgroup, it is also quite clear that the Teratorhabditis/ Pelodera lineage diverged from an ancestral lineage shared by the other species, although this conclusion should be confirmed using more extensively sequenced regions from more closely related outgroup species from within order Rhabditida.
In fact, this deeper branching was left unresolved by Sudhaus ( 1976) (fig. 1) . Thus, even the rapidly evolving parts of the 18s rRNA genes appear to evolve too slowly to provide enough phylogenetic information to resolve Caenorhabditis relationships. The 18s rDNA data are consistent, however, with the cytochrome oxidase II data (Thomas and Wilson 1991) that suggests C. elegans and C. briggsae are more closely related to each other than either is to C. remanei, and with data from interspecific crosses suggesting C. briggsae and C. vulgaris are the most closely related of the four species (Baird et al. 1992) . To resolve these relationships by molecular means, loci that evolve more rapidly than 18s rDNA must be sequenced.
Nearly the opposite situation exists for the rest of the taxa. Interspecific comparisons between the two Rhabditis species involve nearly 10 times the number of substitutions as between Caenorhabditis species. Here, the inability of the 18s rDNA data to resolve the relationships of the Rhabditis species relative to one another and to Rhabditella may be due to the small sampling of taxa; Rhabditis is speciose and probably paraphyletic (Sudhaus 1976 
